To determine the association between antenatal steroids administration and intraventricular hemorrhage rates. METHODS: We used cross-sectional data from the California Perinatal Quality Care Collaborative during 2007 to 2013 for infants ⩽ 32 weeks gestational age. Using multivariable logistic regression, we evaluated the effect of antenatal steroids on intraventricular hemorrhage, stratified by gestational age. RESULTS: In 25 979 very-low-birth weight infants, antenatal steroid use was associated with a reduction in incidence of any grade of intraventricular hemorrhage (odds ratio = 0.68, 95% confidence interval: 0.62, 0.75) and a reduction in incidence of severe intraventricular hemorrhage (odds ratio = 0.51, 95% confidence interval: 0.45, 0.58). This association was seen across gestational ages ranging from 22 to 29 weeks. CONCLUSIONS: Although current guidelines recommend coverage for preterm birth at 24 to 34 weeks gestation, our results suggest that treatment with antenatal steroids may be beneficial even before 24 weeks of gestational age.
INTRODUCTION
Intraventricular hemorrhage (IVH) is a significant cause of preterm morbidity and mortality, with~12 000 infants developing IVH every year in the United States. 1 Within the population of verylow-birth weight (VLBW; o1500 g) infants, the incidence of IVH has been estimated at 20%. However, the incidence of IVH among VLBW infants has declined in the past few decades, from 40 to 50% in the early 1980s to~20% in the late 1980s, then remaining relatively stable for the past two decades. [2] [3] [4] [5] IVH occurs in nearly half of infants born at extremely low birth weight (500 to 750 g). 2, 5 Infants who survive a severe IVH (grade III or IV) may be at a higher risk of significant long-term or permanent neurological injuries/ deficits, including cerebral palsy, mental retardation and posthemorrhagic hydrocephalus. 6 Previous studies have shown that treatment of pregnant women with steroids before delivery is associated with a reduced risk of adverse health outcomes, including IVH. Liggins et al., 7 conducting the first randomized controlled trial of antenatal betamethasone, showed downward mortality and lower risks of respiratory distress syndrome in infants of treated mothers compared with controls and the need for respiratory support. In that study, four of the infants of control mothers had IVH, compared with none of the infants of steroid-treated mothers. Although this difference was not statistically significant, this finding raised the possibility that antenatal steroid use might reduce the incidence of IVH.
A Cochrane review in 2006 consisting of a meta-analysis of randomized trials demonstrated a reduced risk of IVH (relative risk = 0.54, 95% confidence interval: 0.43 to 0.69) when treatment with antenatal steroids occurred. 8 As most of the trials included occurred in the 1990s or early 2000s when IVH rates were higher, we were interested to see if this positive impact of antenatal steroids would still be present. Furthermore, the quality improvement efforts to increase antenatal steroid use, as well as other independent efforts to reduce IVH may have weakened this beneficial link.
In the present study, we aimed to determine the magnitude of the effect of antenatal steroid treatment in the prevention of IVH in a modern population-based cohort, and to assess whether there is a difference in effect according to gestational age.
MATERIALS AND METHODS

Study population and data source
Any hospital in California that provides neonatal intensive care is eligible for membership in the California Perinatal Quality Care Collaborative (CPQCC). Currently, 132 hospitals are members of the CPQCC, including 100% of all California Department of Public Health Children's Services (CCS)-approved intermediate, community and regional-level neonatal intensive care units (NICUs) in California. Member hospitals submit data on newborn infants who require critical care to the CPQCC data center. Infants in the CPQCC database represent over 90% of VLBW infants treated in California NICUs.
During the 7-year study period 1 January 2007 to 31 December 2013, 42 904 VLBW births qualified for entry into the CPQCC database, that is, a birth weight between 401 and 1500 g or a gestational age between 22 and 32 weeks. Of these, 39 956 infants were born at o 32 weeks gestational age. We limited our study cohort to infants who were VLBW who had a gestational age o32 weeks, as this population of neonates is most at a risk for IVH. We limited our analyses to inborn infants as attributing the influence of more than one NICU's care on IVH would not be possible, particularly in the time period immediately surrounding delivery.
Infants with missing data on IVH (n = 5102) or antenatal steroids (n = 228) were excluded. Infants who died before having brain imaging performed would be considered as having missing data on IVH. Following the exclusions, 25 979 infants were included in the analysis.
Measures
Intraventricular hemorrhage: CPQCC members are instructed to classify IVH by neural imaging (cranial ultrasound, computed tomography scan or magnetic resonance imaging) according to the criteria of Papile et al. with the most severe grade of hemorrhage recorded (11) . The outcome of IVH was recorded as (0) no IVH, (1) grade 1 IVH-subependymal germinal matrix hemorrhage only, (2) grade 2 IVH-intraventricular blood with no ventricular dilation, (3) grade 3 IVH-intraventricular blood with ventricular dilation and (4) grade 4 IVH-intraparenchymal hemorrhage. For this analysis, we looked at IVH as a binary outcome in two ways: (1) grades 3 and 4 were combined and defined as an infant having severe IVH and (2) grades 1 to 4 were combined into a category of having any IVH.
Variable of interest: exposure to antenatal steroids was classified as 'yes/no' with any maternal receipt of betamethasone, dexamethasone and hydrocortisone during pregnancy at any time point before delivery counting as 'yes'.
Other independent variables: birth weight, gestational age, small for gestational age, maternal age, race/ethnicity, prenatal care (any prenatal care visit versus none), multiple gestation, 5-min Apgar score, delivery mode, congenital malformations and hospital level of neonatal care.
Hospital level of neonatal care was designated by the California Children's Services (CCS) for NICUs according to their ability to provide varying levels of care. Regional NICUs are able to provide the most complex medical and surgical care. Community NICUs can provide unlimited ventilation, but in general, not major neonatal surgery. Intermediate NICUs provide care for those infants who do not need assisted ventilation. Hospitals with licensed NICU beds that do not choose to participate in the CCS program do not receive a CCS level designation and are classified as non-CCS hospitals.
Hispanic ethnicity with unknown, missing or other race was considered to be Hispanic race/ethnicity. Infants below the 10th percentile of weight for their gestational age were classified as being small for gestational age, whereas those above the 10th percentile were classified as normal for gestational age. Details for other variables are available in the CPQCC manual of definitions. 9 
Statistical analysis
The outcomes of IVH were compared according to demographic and medical factors noted above. Because grades 3 and 4 are more commonly associated with the adverse long-term neurological consequences, we examined two main outcomes: (1) severe IVH versus lower grades of IVH/ no IVH, and (2) any grade of IVH versus no IVH (13) . We conducted univariate analyses to compare infants exposed to antenatal steroids with infants not exposed to antenatal steroids and to compare infants who developed any or severe IVH with infants who did not develop any or severe IVH. We conducted a similar comparison for the outcome of inhospital mortality, as death may be a competing outcome for severe IVH.
To test for differences among the groups, we used the independent t-test for continuous variables and the Pearson χ 2 -test for categorical variables. Tests were two-sided. A P-value of o0.05 was considered statistically significant.
Multivariable logistic regression was used to estimate the odds ratio with 95% confidence intervals as a measure of association between antenatal steroid use and IVH in VLBW infants. We included relevant covariates in our multivariable model to control for the potential confounding effects of maternal sociodemographic factors, obstetric factors and comorbid conditions. These covariates were chosen a priori based on a review of the existing literature and included all of the variables listed above in the Measures section.
Although birth weight and gestational age of the infant are highly correlated with each other (r = 0.77), we employed both variables as covariates in our statistical models. We performed likelihood ratio tests to compare the fit of models that included only birth weight as a covariate to the fit of models that included both birth weight and gestational age as covariates. We found a statistically significant difference between the log likelihoods of the two models, indicating the models with both birth weight and gestational age included as covariates fit the data significantly better. We tested the goodness of fit of our final models with the Hosmer-Lemeshow test, which indicated that the final model fit the data optimally.
We did not include gestational age as a covariate in the analyses in which we stratified the cohort by gestational age. We stratified infants by 1-week gestational age intervals, ranging from 22 to 32 weeks. There were six infants under 22 weeks gestational age that were included with 22 weeks and combined to form one gestational age group.
All data management and analysis were performed using SAS 9.4 for Windows (SAS Institute, Cary, NC, USA). Institutional review board approval was obtained from the Stanford School of Medicine and the University of California, Berkeley.
RESULTS
Patient characteristics
Sociodemographic and obstetric characteristics of infants and mothers are presented in Table 1 . Of the infants in the study cohort, most were delivered through Cesarean section (n = 19 464, 74.9%) versus vaginal delivery (n = 6514, 25.1%). Neonates were primarily cared for at regional (n = 7145, 27.5%) and community (n = 16 651, 64.1%) NICUs rather than intermediate (n = 856, 3.3%) and non-CCS (n = 1,327, 5.1%) NICUs. The mean birth weight in the cohort was 1050.6 g, and mean gestational age was 27.9 weeks. A large majority of these infants' mothers had received prenatal care (n = 25 119, 97.0%).
Trends of antenatal steroid use throughout the study period During the study interval, 87.2% (n = 22 645) of the women in the analytic cohort delivering a VLBW infant received antenatal steroids before delivery. During the 7-year study period, the use of antenatal steroids gradually increased each year. In 2007, the first year of the study period, 84.6% of infants' mothers received treatment with antenatal steroids. In 2013, 89.9% of mothers received antenatal steroids.
Trends in the incidence of IVH during the study period Of the VLBW infants, 23.7% (n = 6165) developed any IVH. Among infants with any IVH, 31.6% had severe IVH. Overall, the incidence of any grade of IVH decreased from 25.2 to 22.4% over the 7-year study period. The incidence of severe IVH decreased from 8.3% in 2007 to 7.0% in 2013.
Association between antenatal steroid use and IVH Not receiving antenatal steroids was associated with both any IVH and severe IVH ( Table 2) . Infants with any IVH were more likely to have lower birth weight and younger gestational age. No prenatal care, singleton gestation (compared with multiple), vaginal delivery, low Apgar score and male sex were associated with any IVH. Similarly, lower birth weight and younger gestational age were associated with higher likelihood of severe IVH ( Table 2) . No prenatal care, low Apgar score and male sex were also associated with severe IVH. Figure 1 shows the distribution of IVH grade by receipt of antenatal steroids. The most prominent difference was the higher likelihood of grade 4 IVH in infants whose mothers did not receive antenatal steroids (8.9%) compared with those who did receive steroids (3.6%).
After adjusting for maternal sociodemographic and medical risk factors in multivariable logistic regression, receiving antenatal steroids was significantly associated with no IVH (adjusted odds ratio = 0.68, 95% confidence interval: 0.62, 0.75), and with not having severe IVH (adjusted odds ratio = 0.51, 95% confidence interval: 0.45, 0.58).
Stratified analysis by gestational age
Adjusted odds ratios and 95% confidence intervals for the association between receipt of antenatal steroids and any IVH within gestational age subsets are shown in Table 3 . Infants in gestational age groups encompassing 20 0/7 to 29 6/7 weeks whose mothers received antenatal steroids had a significantly lower odds of developing any IVH, and groups encompassing 23 0/7 to 29 6/7 weeks had lower odds of developing severe IVH. For infants above 30 weeks gestational age, there was not a significant reduction in IVH seen. As mortality may be a competing outcome for severe IVH, we examined mortality rates according to receipt of antenatal steroids and found that across all gestational age groups, those infants whose mothers received antenatal steroids had lower risk of in-hospital death.
DISCUSSION
This large population-based study affirms current scientific knowledge showing a significant relationship between receipt of antenatal steroids and decreased risk of IVH. Both in crude assessment and risk-adjusted analyses, infants exposed to antenatal steroids were less likely to develop any IVH or severe IVH. Adding to prior knowledge, however, we found that the association between antenatal steroid use and IVH is limited to gestational age groups from 22 to 30 weeks.
Prior studies have shown that exposure to antenatal steroids was associated with a decrease in the risk of IVH in neonates born between 29 and 34 weeks gestational age when examined as an overall combined cohort. 8 Although our stratified analysis showed no significant differences in infants 430 weeks gestational age, this is likely in part due to the overall lower risk of IVH in this group, which has continued to decrease over time. Overall, although, our findings are consistent with the previous studies on historic cohorts. Shankaran et al. reported an unadjusted odds ratio of 0.39 (95% confidence interval: 0.27, 0.57) for the association of a complete course of steroids with the development of grades 3 and 4 IVH in a large cohort of singleton VLBW infants (that is, birth weight 501 to 1500 g). 10 Wright et al. examined the association between partial, complete and any course of antenatal steroids and the outcomes of any or severe IVH in 9949 VLBW infants in 14 NICUs with diverse populations and management strategies. Receipt of complete or any antenatal steroid treatment was found to be associated with a statistically significant reduction in the risk of IVH (any IVH or severe IVH). 10 A meta-analysis of placebo-controlled randomized trials by Crowley et al. found that steroid therapy reduces the odds of periventricular hemorrhage, with an odds ratio of 0.38 (95% confidence interval: 0.23, 0.94). 11 The evidence from these studies led the NIH Consensus Development Panel to publish a statement that antenatal steroids reduce mortality and the incidence of IVH in infants born at 29 to 34 weeks of gestation and recommended that mothers at risk for preterm delivery between 24 and 34 weeks gestation be candidates for treatment. 12 Previous data concerning the association between use of antenatal steroids and the incidence of IVH in infants delivered at o29 weeks gestational age had been conflicting. A systematic review of 21 studies by Roberts et al. reported that antenatal steroids reduce the incidence of IVH in infants born before 28 weeks. 8 In contrast, a systematic review of nine randomized trials by Onland et al. concluded that there was no evidence to support or refute recommending treatment with antenatal steroids to women at risk of preterm birth at o 26 weeks of gestation. 13 As these reviews were published, Mori et al. found that exposure to antenatal steroids was associated with a significant decrease in the risk of IVH and severe IVH incidence in infants born between 24 and 29 weeks of gestational age. 14 Similarly, a retrospective cohort study in Australia by Wong et al. found a significantly lower incidence of severe IVH in infants of 24 to 28 weeks of gestational age who received a complete course of antenatal steroids. 15 Our findings are consistent with these more recent cohort studies.
Studies on this question in infants born at o 24 weeks of gestational age are scarce. In a study of 117 neonates, Abbasi et al. reported that mothers of infants o 24 weeks of gestational age given antenatal steroids had a significantly lower incidence of grade 3 and 4 IVH (16.7% versus 36%, P o 0.05, relative risk = 0.46). 16 However, Hayes et al. found that in neonates born at 23 weeks gestation, the occurrence of severe IVH in infants exposed to antenatal steroids was not significantly different compared with the occurrence of IVH in infants not exposed to antenatal steroids (23.1% compared with 57.1%, P = 0.17). 17 The odds ratio for the association between antenatal steroids and the outcomes of IVH and severe IVH found by Mori et al. in infants 22 to 23 weeks gestational age was also found to be not significant. 14 Because of our large sample size, we were able to detect significant differences even at these youngest gestational age groups.
Our study is limited in its observational nature, and therefore causal inference cannot be assumed. Although we attempted to account for confounding factors, there may be potential confounding from unobserved variables. A limitation of our study was lack of detailed information in our data set on antenatal steroids, including full, partial or repeated courses, and dosage or timing. Another limitation of our study was a lack of imaging data on 5102 VLBW infants that were excluded from our analyses due to missing information on whether or not the infant developed IVH. This could result in selection bias that could influence the estimate in either direction. Some infants may have not received a head ultrasound because they were very healthy and were not assessed to have risk. Others may not have had a head ultrasound due to very severe clinical status and subsequent death before ability to receive an ultrasound. However, in either case, we would not expect antenatal steroids to cause bias in either direction. Characteristics of infants with missing data on antenatal steroids or IVH status are presented in Supplementary Table 2 . These patients tended to have lower birth weight and gestational age, and more likely to have been delivered vaginally. 
